The evolution of laboratory produced magnetic jets is followed numerically through three-dimensional, non-ideal magnetohydrodynamic simulations. The experiments are designed to study the interaction of a purely toroidal field with an extended plasma background medium. The system is observed to evolve into a structure consisting of an approximately cylindrical magnetic cavity with an embedded magnetically confined jet on its axis. The supersonic expansion produces a shell of swept-up shocked plasma which surrounds and partially confines the magnetic tower. Currents initially flow along the walls of the cavity and in the jet but the development of current-driven instabilities leads to the disruption of the jet and a re-arrangement of the field and currents. The top of the cavity breaks-up and a well collimated, radiatively cooled, "clumpy" jet emerges from the system. 2
I. INTRODUCTION
In recent years a number of scaled, high energy density experiments were devised to investigate a wide range of complex dynamical flows and processes of relevance to astrophysical problems. The experimental approach can in general advance not only our understanding of the underlying physics but may also provides, in addition to astronomical observations, stringent tests to numerical codes and models. The problems tackled in the laboratory range from core-collapse supernovae and photoevaporated molecular clouds to the studies of radiative shock waves and equations of state of planetary interiors (see 1 for a review). An issue that has attracted some attention in the laboratory astrophysics context is the formation and propagation of jets. Using lasers 2,3,4,5 and pulsed-power facilities 6, 7, 8, 9, 10 , the jets were produced by purely hydrodynamic means and relied in general on strong radiative cooling.
However, there is now a general consensus that the jet formation mechanism at play in astronomical objects is not hydrodynamic but magneto-hydrodynamic, and magnetic fields are an essential component that needs to be added to the laboratory jets production mechanism.
The presence of jets is indeed ubiquitous in space. The astronomical objects with associated jets range from super-massive black holes present in the centre of active galactic nuclei (AGN) (see for example 11 ) to young star 12 . In addition, gamma ray bursts (GRB) (see 13 for a review) and supernovae may also have jets associated with them 14, 15, 16, 17, 18, 19, 20 . In general, jets are thought to be powered by the combination of rotation and magnetic fields, which extract the rotational energy from an accreting system and create magnetic stresses which accelerate and collimate the flow 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33 . Depending on the details of the models, the winding of an initially poloidal (in the r-z plane) magnetic field results in a flow pattern dominated by a toroidal field 34 . A similar situation is also attained when the footpoints of a field line, connecting the disc to a central compact object or connecting different parts of a disc, rotate with different angular velocities. In such cases, the relative angular displacement of the foot-points causes one of the foot-points to move ahead of the other and the field loop to twist. The induced toroidal component results in an increase of the magnetic pressure which drives the expansion of the loop itself 35 .
In the magnetic tower scenario 36, 37 , the outcome is a magnetic cavity consisting of a highly wound up toroidal field which accelerates the flow. In this case, the presence of an external plasma medium was shown to be necessary to confine the magnetic cavity, which would otherwise splay out to infinity within a few rotations 36 . The basic picture of magnetic tower evolution has also been confirmed numerically by several authors 38, 39, 40, 41, 42 , and it is in this context we have develop a series of laboratory astrophysics experiments to study the jet formation mechanism through the interaction of a purely toroidal field with an extended plasma background medium. Both experiments 43 and numerical simulations 44, 45 showed the formation of a magnetic cavity consisting of toroidal field loops with a jet embedded on its axis and due to the supersonic expansion, a shock envelope around the magnetic cavity. Indeed, recent work on astrophysical magnetic towers 46, 47 was extended to include the supersonic propagation of the magnetic cavity, which as observed in the experiments, results in a shock envelope around the magnetic tower.
The present paper reports on three-dimensional (3D) simulations of laboratory jets, extending on our previous two-dimensional simulations 44 and allowing in particular the study of the late stages of the magnetic tower evolution, when nonaxisymmetric effects become important. The first part of the paper describes the model and initial conditions. The general dynamics of the laboratory jets are then discussed followed by a more detailed description of the various stages of jet evolution. We conclude with a summary of the results and discussion.
II. THE MODEL
We perform the numerical simulations with an explicit, parallel version of the 3D resistive magneto-hydrodynamic (MHD) code GORGON 48 . The MHD equations are solved on a three-dimensional Cartesian grid in the single fluid approximation.
However, the ion and electron components of the plasma are allowed to be out of thermodynamic equilibrium with respect to each other and their relative energy equations are solved separately. The equations of conservation of mass, momentum and internal energy are given by: 
Free flow boundary conditions are implemented on all sides of the computational box.
An approximation of the experimental current is imposed on the system by appropriately setting the field on the boundaries below the outer electrode. The wires are initiated as a high density gas with a temperature 0.125 eV T = ; although the transition from solid wires to plasma is not modelled in the code, the expected level of 
III. MAGNETIC TOWERS IN THE LABORATORY

A. The typical evolution of a laboratory jet
In this section we present a general overview of the dynamics of laboratory magnetic jets. Figure 2a shows a time sequence of mass density x-z slices while the overall 3D structure is shown in Figure 2b . The sustained ablation of the wires proceeds until the mass in the wire cores is exhausted. Near the inner electrode, where the mass ablation rate is highest, sections of the cores disappear and at ~ 180 ns the formation of the magnetic bubble begins (first panel of Figure 2a ). The sudden release of magnetic energy drives a shock in the background plasma, the magnetic field acts as a "piston" sweeping the plasma into a shock-layer enveloping the magnetic cavity. On the axis of the magnetic bubble, the "snowploughed" plasma is compressed and accelerated into a jet (200 ns). Despite the azimuthal modulation present in the background plasma and in the shock envelope, the magnetic tower maintains a very high symmetry. The schematic picture of the magnetic tower that has evolved thus far is given in Figure 3 is dominated at all times by the jet. There is also relatively strong emission at the head of the magnetic tower where a bow shock propagates into the ambient medium. In the context of stellar explosion driven by magnetic towers 47 , the shocked plasma feeds a "cocoon" of high-pressure material that further confines the magnetic tower. In the present case however, cooling in the shocked plasma reduces significantly the pressure and relatively cold, dense region of material forms at the head of the magnetic tower. Finally, the shock envelope produces in general weaker emission, especially in the lower part of the cavity where the lateral expansion is relatively slow and shock-heating negligible. However, the discrete emission features, corresponding to the density modulation visible in the 3D plots, are also present in the x-ray images.
B. Initial plasma dynamics and the formation of an ambient medium
The presence of an initial background plasma medium is essential to the evolution of the magnetic tower: it provides mass to the central jet, confinement for the magnetic field and supports the currents circulating in and around the cavity.
Wire ablation proceeds as energy is deposited in the wire through Ohmic heating and to a much lesser degree through thermal conduction. Very early in the current pulse (~ 20 ns) the wires develop a two-component structure consisting of a dense, cold and high-resitivity core surrounded by a relatively hot (few eV), lowresistivity "coronal" plasma 51 . Because of the marked differences in the resistivity, currents preferentially flow in the "coronal" plasma which is accelerated in the axial 
corresponding increase in the total kinetic energy inside the cavity can be seen in Figure 10 ). However from ~ 220 ns, with the development of instabilities and steep gradients in the magnetic field, the Ohmic dissipation begins to dominate and ~1 Θ .
We note that both ) where 1 K > play no significant dynamical role. We also performed simulations which included an anomalous resistivity correction term 54 , which mostly affects the low density plasma regions. The results showed that while the physical properties of the low density plasma in the cavity can be significantly altered, the overall dynamical evolution of the magnetic tower is not affected. However, important effects such as particle acceleration may still take place. Particularly at the base of the cavity, where following the break-up of the jet, large electric fields and reconnection events may impart enough energy to the ions so that 1 K > . and the presence of plasma micro-fluctuations and magnetic entanglement are further assumed to localize the system along the field lines 53 . Therefore, both the astrophysics and experimental jets can often be studied using fluid-like equations, albeit for different reasons.
In other regions of the magnetic tower the ion scattering length is much smaller than the Larmor radius
D. The formation and launching of the jet
The jet evolution can be roughly divided into three broad phases. During the first, lasting form ~180 ns to ~ 210 ns, the jet forms inside the cavity under the action of the Lorentz forces which first accelerate the plasma towards the axis and then confine it there. From ~ 210 ns to ~ 240 ns, current-driven instabilities grow in the jet which begins to disrupt; finally in the third phase, at times greater ~ 240 ns, the jet breaks-up and emerges from the cavity.
The density increase on axis during the first phase is evident in the radial profiles for 1 r ≤ mm. At 210 ns the accumulated mass in a cylinder with a 1 mm radius and 6 mm in height is velocity is expected in models of stellar explosions driven by magnetic towers 47 .
The initial jet configuration, a current-carrying column of plasma confined by a toroidal field, is known to be prone to disruptive, current-driven instabilities. The growth time of the 0 m = and 1 m = modes in the laboratory jet was estimated to be of the order of a few nanoseconds 43 , much shorter than the characteristic jet evolution time. Indeed the presence of these modes was seen from the early stages of jet formation 43 and it is reproduced in the simulations presented here. However the resolution that can be afforded in the jet region precludes an in-depth analysis of these instabilities and possible stabilising effects, such the presence of an axial field, which are thought to be present in astrophysical jets 55, 56 . Thus in the global simulations discussed here only a qualitative picture is given. The Kruskal-Shafranov criterion
gives a semi-quantitative condition for the development of current-driven instabilities, which states that the magnetic twist The redistribution of currents and fields, following the instability and detachment of the jet, is evident when considering the magnetic energy in the cavity.
The initial current path is along the walls of the cavity and in the jet, with a very small fraction of the current flowing in the low density plasma in the cavity. As a simple approximation we can assume the magnetic tower to be an inductor consisting of two concentric, conducting cylinders of height t Z ; the outer cylinder corresponds to the cavity and has radius c R , the inner cylinder with radius j R is the jet (see Figure 3 ).
Currents flow along the surfaces of the two cylinders and connect radially at the height t Z , the inductance is then given by Once it has completely emerged from the cavity, the jet propagates ballistically. The magnetic Reynolds number is only marginally higher than unity and the magnetic field transported with the jet flow is expected to diffuse over a timescale of tens of ns, comparable to the dynamical timescale of the jet. However the heat generated through the field dissipation, should not destroy the collimation of the jet, which can still be efficiently cooled down by the radiation losses.
IV. SUMMARY
We have presented the results of three-dimensional resistive MHD simulations of experiments designed to study the evolution of "magnetic tower" jets in the laboratory. The overall evolution of the laboratory jets shares a number of common physical processes with its astrophysical counterpart. The observed structure consists of a jet accelerated and confined by a toroidal field and embedded in a magnetic cavity. A shock envelope surrounds the magnetic cavity which elongates in time. The tower expansion is driven by the magnetic pressure and its velocity is well described by simply using the Rankine-Hugoniot relations across the shock at the head of the tower. However the growth of the tower is transient, the jet is unstable to current-driven modes which combined with the expansion through a steeply decreasing density background plasma result in the break-up of the structure. By combining the burst of the cavity, which reorganizes the currents to flow close to the electrodes again, with a means to re-supply mass could trigger once more the formation of a new magnetic tower and the emergence of another clumpy jet. (b) Experimental, time-resolved XUV images taken at four different times (from left to right 268, 278, 288, 298 ns). Although the radial array used in this particular experiment has a different set-up from the one discussed in the simulations, the overall dynamical evolution is similar. 
